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I l l i n o i s  No. 6 coa l  is l i q u i f i e d  us ing  s u p e r c r i t i c a l  wa te r  as so lven t  and s t an -  
nous c h l o r i d e  o r  molybdenum t r i s u l f i d e  c a t a l y s t  impregnated i n  t h e  coa l  a t  640- 
673 K ,  hydrogen charge p r e s s u r e s  o f  2 .6-5 .4  MPa, and system p r e s s u r e s  of 22.3- 
34.6 MPa. 
54 w t  % maf a r e  a t t a i n e d .  
r a t e s  t h e  o i l  and a spha l t enes  from t h e  coa l  c h a r ,  p roducing  a f r i a b l e  r e s i d u e  
from s i z e d  ( 3 . 2  mm) coa l  i n  ba t ch  t es t s .  

Hydrogen consumption i s  0.3-2 g / g  c o a l .  Yields o f  gases  and l i q u i d s  t o  
S u p e r c r i t i c a l  water d i s t i l l a t i o n  q u a n t i t a t i v e l y  sepa-  

INTRODUCTION 

Major f a c t o r s  impeding t h e  commerc ia l iza t ion  o f  d i r e c t  l i q u i f a c t i o n  o f  c o a l  
a r e  t h e  c o s t  of t h e  hydrogen needed t o  produce a good product  s l a t e ,  s o l i d - l i q u i d  
s e p a r a t i o n  d i f f i c u l t i e s ,  and t h e  phys ica l  i s o l a t i o n  o f  t h e  coa l  s u r f a c e s  and 
suppor ted  c a t a l y s t s .  
p rocess  t h a t  r e s o l v e s  o r  r educes  t h e  impact o f  t h e s e  f a c t o r s .  

p regnat ion  o f  coa l  i n t e r s t i c e s  wi th  hydrogenat ion  c a t a l y s t .  C a t a l y s t s  t h a t  a r e  
s o l u b l e  i n  o rgan ic  l i q u i d  and t h a t  a r e  e f f e c t i v e  i n  hydrogenat ion  a r e  r a r e .  In  
c o n t r a s t ,  many hydrogenat ion  c a t a l y s t  s p e c i e s  a r e  s o l u b l e  i n  water. Consequently,  
water  i s  s e l e c t e d  as t h e  s o l v e n t  f o r  t h e  c o a l  l i q u i f a c t i o n  p rocess .  Upon h e a t i n g  
a c a t a l y s t - w a t e r  s o l u t i o n  i n  con tac t  wi th  c o a l  i n t o  t h e  s u p e r c r i t i c a l  r eg ion ,  
c a t a l y s t  i s  p r e c i p i t a t e d  o n t o  t h e  coa l  s u r f a c e s  and i n t o  i t s  i n t e r s t i c e s .  Thus 
t h e  need t o  employ a hydrogen c a r r i e r  s p e c i e s  i s  negated .  

genera ted  i n  s i t u  by carbon-water r e a c t i o n ,  though it i s  r e a l i z e d  t h a t  t empera tu res  
nea r  t h e  647 K c r i t i c a l  t empera ture  o f  water  a r e  lower than  t h e  820+ K t empera tu res  
used f o r  producing reducing  gas  by t h e  carbon-steam r e a c t i o n .  I t  i s  necessa ry  t o  
add e x t r a  hydrogen t o  t h e  r e a c t o r  t o  i n c r e a s e  i t s  p a r t i a l  p r e s s u r e  i n  o r d e r  t o  
i n c r e a s e  y i e l d  and dec rease  v i s c o s i t y  o f  l i q u i d  p roduc t .  
monoxide o r  s y n t h e s i s  gas  i n  l i e u  o f  hydrogen s e r v e s  t h e  same purpose ,  wi th  hydro- 
gen be ing  formed i n  t h e  r e a c t o r  by t h e  water  gas  s h i f t  r e a c t i o n  a t  670-770 K .  The 
use o f  water  a s  t h e  coa l  l i q u i f a c t i o n  s o l v e n t  can reduce  t h e  c o s t  o f  producing 
hydrogen f o r  t h e  coa l  l i q u i f a c t i o n  p l a n t .  

i n t o  t h e  s u p e r c r i t i c a l  water  and s h o u l d n ' t  remain o r  be p r e c i p i t a t e d  as a s e p a r a t e  
phase.  
c r i t i c a l  s t a t e  from t h e  c o a l  r e s idue ,  c a r r y i n g  t h e  coa l  l i q u i d  overhead and e f f e c t -  
ing  a s o l i d - l i q u i d s  s e p a r a t i o n .  

t h e  water i s  allowed t o  p a s s  i n t o  t h e  s u b c r i t i c a l  s t a t e  where it can back e x t r a c t  
o r  l each  c a t a l y s t  from t h e  cha r .  I f  s i z e d  c o a l ,  r a t h e r  t han  powdered c o a l ,  i s  em- 
ployed and suspended i n  a baske t  i n  t h e  r e a c t o r ,  t h e  c a t a l y s t  p r e c i p i t a t e s  from 
t h e  water  upon evapora t ion  t o  d ryness  as a s e p a r a t e  s o l i d  phase from t h e  suspended 
coa l  cha r  product .  The c a t a l y s t  i s  in te rmixed  wi th  some f i n e s  formed dur ing  t h e  
r eac t ion .  These f i n e s  can be  e x t r a c t e d  by water  f o r  c a t a l y s t  recovery .  

E i t h e r  a cont inuous  o r  a ba t ch  p rocess  may be developed ,  though wi th  a ba t ch  
p rocess  t h e  use  o f  powdered coa l  can r e s u l t  i n  an unaccep tab le  agglomerated chunk 
of coa l  cha r  as t h e  s o l i d s  product .  
can r e s u l t  i n  t h e  product ion  of  a f r i a b l e  coa l  cha r  p roduc t .  

The goa l  o f  t h i s  work i s  t o  advance a coa l  l i q u i f a c t i o n  

The use  o f  a c a t a l y s t  s o l u b l e  i n  a c o a l  l i q u i d  s o l v e n t  a l lows  f o r  d i r e c t  i m -  

Some hydrogen f o r  t h e  h y d r o l i q u i f a c t i o n  and g a s i f i c a t i o n  r e a c t i o n s  can be  

The a d d i t i o n  o f  carbon 

A s  t h e  coa l  l i q u i f a c t i o n  r e a c t i o n  proceeds ,  t h e  l i q u i d  produced i s  e x t r a c t e d  

A t  t h e  end of t h e  r e a c t i o n ,  t h e  water  is s imple  d i s t i l l e d  i n  t h e  super -  

Towards t h e  end o f  t h e  d i s t i l l a t i o n  o f  t h e  aqueous phase from t h e  coa l  r e s idue ,  

The use  o f  s i z e d  c o a l  i n  t h e  ba t ch  p rocess  
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Desired p roduc t s  from t h i s  d i r e c t  l i q u i f a c t i o n  p rocess  i n c l u d e :  (1) f u e l  gas  
enr iched i n  s u l f u r ,  (2) d e s u l f u r i z e d  coal  l i q u i d ,  and (3) d ry ,  f r i a b l e ,  combustible 
d e s u l f u r i z e d  cha r .  

The work r e p o r t e d  i n  t h i s  pape r  d i f f e r s  from p rev ious  works i n  t h a t  a combina- 
t i o n  process  o f  c o a l  l i q u i f a c t i o n  wi th  hydrogen and impregnated c a t a l y s t ,  e x t r a c t i o n  
i n t o  s u p e r c r i t i c a l  water ,  and d i s t i l l a t i o n  with s u p e r c r i t i c a l  wa te r  t o  s e p a r a t e  o i l ,  
c o a l  char ,  and c a t a l y s t  i s  used. The combinations of  c o a l  n a t u r e  and s i z e ,  reduc- 
t a n t ,  c a t a l y s t ,  r e a c t o r  m a t e r i a l ,  and water d e n s i t y  i n  t h e  r e a c t o r  a r e  d i f f e r e n t  
t han  i n  t h e  p rev ious  works. 

RELATED PREVIOUS WORK 

V o l a t i l i t y  and S o l u b i l i t y  Ampl i f i ca t ion  wi th  S u p e r c r i t i c a l  F lu ids  

I t  is wel l  e s t a b l i s h e d  t h a t  s u p e r c r i t i c a l  gaseous phases  a r e  capab le  of t ak ing  
up c l a s s e s  of  compounds under  s u p e r c r i t i c a l  c o n d i t i o n s ,  t h e  amount of m a t e r i a l  
be ing  taken up by t h e  s u p e r c r i t i c a l  gas  be ing  many t imes  g r e a t e r  t han  would have 
been expected from t h e  vapor p r e s s u r e  of  t h e s e  compounds a t  t h e  t empera tu re  of  t h e  
t r ea tmen t .  Zhuse and Yushkevich (1) r epor t ed  t h i s  phenomenon f o r  t h e  e x t r a c t i o n  of 
a c rude  o i l  i n t o  methane. S t u d i e n g e s e l l s c h a f t  Kohle m.b.H. (2) ob ta ined  p a t e n t  
coverage f o r  a v a r i e t y  of  s e p a r a t i o n s  based on s u p e r c r i t i c a l  gas  e x t r a c t i o n .  Paul 
and Wise (3) p re sen ted  an overview of  t h e  s u b j e c t  a r e a .  Gangoli and Thodos (4) 
reviewed s u p e r c r i t i c a l  gas e x t r a c t i o n  f o r  r ecove r ing  l i q u i d  f u e l s  and chemical feed- 
s t o c k s  from c o a l .  Panzer E c. (5) r epor t ed  on t h e  s u p e r c r i t i c a l  gas e x t r a c t i o n  
of  t h e  c o n s t i t u e n t s  i n  a t a r  sand and a p e a t .  

The d a t a  of  Zhuse and Yuskevich (1) show t h a t  i n c r e a s i n g  p r e s s u r e  i n c r e a s e s  
t h e  s o l u b i l i t y  o f  a Russian c rude  i n  methane (Tc = 191 K ,  Pc = 4.64 MPa) a t  313 K 
and t h a t  t h e  s o l u b i l i t y  dec reases  a s  t h e  pe rcen t  s t r i p p e d  i n c r e a s e s  due t o  t h e  de- 
c r e a s i n g  vapor p r e s s u r e  of  t h e  r e s i d u e .  
30 g / l  a t  20 MPa, 80 g / l  a t  50 MPa, and 220 g / l  a t  80 MPa (790 atm).  Up t o  90% of  
t h e  o i l  could be s t r i p p e d  a t  80 MPa. 

a f f e c t s  the gas  phase s o l u b i l i t y .  With f u e l  o i l  r e s i d u e  a t  378 K ,  a vapor phase 
concen t r a t ion  of 0 .7  g / l  (upon expansion t o  s t anda rd  T and P) is reached a t  a p re s -  
su re  of  9 MPa wi th  propane (Tc = 370 K ,  Pc = 4.26 MPa) and propene (Tc = 365 K ,  
Pc = 4.62 MPa), whereas a p r e s s u r e  of  50 MPa i s  needed with e thy lene  (Tc = 283 K ,  
Pc = 5.12 MPa). 

(2) r e p o r t e d  t h e  e f f e c t  of  t empera tu re  on 
s o l u b i l i t y  l e v e l  i n  s u p e r c r i t i c a l  gas .  The s o l u b i l i t y  i s  h i g h e s t  w i th in  20 K o f  
t h e  c r i t i c a l  t empera tu re  and d e c r e a s e s  a s  t empera tu re  i s  r a i s e d  t o  100 K above t h e  
c r i t i c a l  temperature .  A t  t empera tu res  nea r  t h e  c r i t i c a l  t empera tu re ,  a sha rp  r i s e  
i n  s o l u b i l i t y  occur s  a s  t h e  p r e s s u r e  i s  inc reased  t o  t h e  v i c i n i t y  o f  t h e  c r i t i c a l  
p r e s s u r e  and i n c r e a s e s  f u r t h e r  a s  t h e  p r e s s u r e  i s  f u r t h e r  i nc reased .  Less v o l a t i l e  
m a t e r i a l s  a r e  t aken  up t o  a l e s s e r  e x t e n t  t h a n  more v o l a t i l e  m a t e r i a l s ,  so t h e  vapor 
phase has  a d i f f e r e n t  s o l u t e  composi t ion than  t h e  r e s i d u a l  m a t e r i a l .  There does 
no t  seem t o  be s u b s t a n t i a l  h e a t i n g  o r  coo l ing  e f f e c t s  upon load ing  of t h e  super-  
c r i t i c a l  gas .  I t  i s  claimed t h a t  t h e  chemical n a t u r e  of  t h e  s u p e r c r i t i c a l  gas  i s  
of minor importance t o  t h e  phenomenon o f  v o l a t i l i t y  a m p l i f i c a t i o n .  
carbon d iox ide ,  n i t r o u s  ox ide ,  p ropy lene ,  propane, and ammonia were used t o  vola-  
t i l i z e  hydrocarbons found i n  heavy petroleum f r a c t i o n s .  

S u p e r c r i t i c a l  hydrocarbons such a s  2 ,2 ,4 - t r ime thy lpen tane  have been shown by 
Barton and Hajnik (7) t o  be capable  o f  q u a n t i t a t i v e l y  vapor i z ing  heavy hydrocarbon 
f r a c t i o n s ,  such a s  Clfj-c32 l u b r i c a t i n g  o i l ,  a t  510-580 K .  The concen t r a t ion  o f  
o i l  i n  t h e  vapor phase changed from 10 t o  90 g / l  upon c r o s s i n g  t h e  c r i t i c a l  p re s -  
s u r e  (2.57 MPa). 

Panzer &. (5)  e x t r a c t e d  Athabasca t a r  sand i n  two s t e p s ,  t h e  f i r s t  with 
compressed "-pentane (Tc = 470 K ,  Pc = 3.37 MPa) and t h e  second wi th  compressed 
benzene (Tc = 563 K ,  Pc = 4.92 MPa). A t  533-563 K and 2.0-7.7 MPa, 1 -pen tane  ex-  
t r a c t e d  95% of  t h e  maltenes and a s p h a l t e n e s  from t h e  t a r  sand,  whereas a t  atmospheric 

S o l u b i l i t i e s  of  t h e  crude i n  t h e  vapor a r e  

Zhuse and Yuskevich (6) a l s o  show t h a t  t h e  nea rness  t o  t h e  c r i t i c a l  tempcrature  

S tud iengesse l scha f t  Kohle m.b. H. 

Ethylene,  e thane,  
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pres su re  only 75% was e x t r a c t e d .  
MPa removed t h e  remaining h ighe r  molecular  weight a s p h a l t e n e s .  
t h e  chemical n a t u r e  of  t h e  dense gas  i s  important  i n  some a p p l i c a t i o n s .  

The l a r g e  changes i n  t h e  a c t i v i t i e s  of  t h e  c o n s t i t u e n t s  of  a m i x t u r e . a t  and 
ad jacen t  t o  t h e  c r i t i c a l  temperature  and p r e s s u r e  o f  one o f  t h e  c o n s t i t u e n t s  has  
been demonstrated by Powell (8).  
con ta in ing  metal  s a l t s  u s ing  n-heptane as t h e  s u p e r c r i t i c a l  s o l v e n t .  
i n c r e a s e  i n  t h e  v o l a t i l i t y  of-water occurred a t  t h e  c r i t i c a l  p o i n t  of n-heptane,  
followed by a s u b s t a n t i a l  dec rease  a s  t h e  temperature  i s  r a i s e d  20 K above t h e  
c r i t i c a l  temperature  o f  n-heptane.  

Barton and Fenske (9) t o  exceed 8 w t  % a t  t empera tu res  above 590 K which i n d i c a t e s  
t h a t  water  should be a good s o l v e n t  f o r  c o a l  l i q u i d s .  

Coal L iqu i f ac t ion  

Fur the r  e x t r a c t i o n  with benzene at 633 K and 2.0 
This  i n d i c a t e s  t h a t  

He e x t r a c t e d  water  from s u l f u r i c  a c i d  s o l u t i o n s  
An exponen t i a l  

The s o l u b i l i t i e s  o f a r o m a t i c  hydrocarbons i n  l i q u i d  wa te r  have been shown by 

Weller (10) r epor t ed  on t h e  hydrogenat ion o f  Rock Spr ings ,  Wyoming, h i g h - v o l a t i l e  
C bituminous coal  with c a t a l y s t  impregnated from aqueous s o l u t i o n .  The hydrogena- 
t i o n s  were performed a f t e r  d ry ing  t h e  impregnated c o a l  and without  a v e h i c l e  s o l v e n t .  
The co ld  hydrogen p r e s s u r e  was 6 . 9  MPa, and t h e  r e a c t i o n  t ime  was 1 hour a t  723 K .  
Ammonium molybdate (1  w t  % Mo(V1)) and s tannous c h l o r i d e  (1 w t  % Sn) were shown t o  
be s u p e r i o r  c a t a l y s t s .  The fol lowing y i e l d s  were a t t a i n e d :  14-15% gaseous hydro- 
carbon,  41% o i l  (hexane s o l u b l e ) ,  and 20-27% aspha l t enes  (benzene s o l u b l e )  based on 
maf c o a l .  

i n  t h e  presence o f  s u p e r c r i t i c a l  water .  Recommended o p e r a t i n g  parameters  i nc lude :  
communition of  t h e  coa l  t o  100-200 Tyler  mesh, water  t o  c o a l  weight r a t i o  o f  1 t o  

from 24 .8  t o  35.5 MPa, temperature  from 670 t o  770 K ,  and r e a c t i o n  time from 1 t o  5 
minutes.  Conversion o f  carbonaceous m a t e r i a l  t o  o rgan ic  l i q u i d  i s  20-25%. 

4.95% s u l f u r  s l u r r i e d  i n  s u p e r c r i t i c a l  water  a t  >647 K and 22.8 MPa a t  a water  t o  
coa l  w t .  r a t i o  of  22 f o r  60 minutes.  
20% with l i t t l e  formation o f  char .  
i n  v o l .  %: 12 H 2 ,  30 CO, 37 C 0 2 ,  10 CH4, 1 C2H4, 2 C2H6, 8 H2S. Note t h e  i n  s i t u  
gene ra t ion  of hydrogen. About 80% of t h e  s u l f u r  i n  t h e  c o a l  f eed  was p r e c i p i t a t e d  
i n  t h e  water  a s  e lemental  s u l f u r  o r  r e l e a s e d  a s  HzS. They a l s o  r eac t ed  glucose i n  
s i m i l a r  f a sh ion  using N i ,  P t ,  and Co-Mo supported c a t a l y s t s  t o  promote hydrogenat ion,  
steam reforming, o r  c r ack ing .  

Ross et=&. (13) r epor t ed  on t h e  a p p l i c a t i o n  of CO/H2O chemistry t o  t h e  con- 
ve r s ion  of bituminous coa l  with Na2MoO4 and KOH c a t a l y s t s .  React ion cond i t ions  a r e  
a s  fol lows:  I l l i n o i s  No. 6 c o a l ,  -60 mesh, water  t o  c o a l  weight r a t i o  of 3 . 6 ,  CO 
(or  H2) charge p r e s s u r e  of 4.9 MPa, KOH cha rge  c o n c e n t r a t i o n  t o  4M, Na2MoOq charge 
concen t r a t ion  t o  0.02M, r e a c t i o n  temperature  o f  673 K ,  and r e a c t i o n  t ime of 20 
minutes.  
d e n s i t y  of  0.317 g/cc f o r  water  a t  i t s  c r i t i c a l  p o i n t .  
e r a t i o n  occurred i n  s i t u ,  appa ren t ly  v i a  t h e  wa te r  gas s h i f t  r e a c t i o n .  
product ion i s  promoted by t h e  KOH i n  t h e  presence of  c o a l  and ca t a lyzed  by t h e  
Has te l loy  C r e a c t o r  w a l l s .  Mo was found t o  be a t r u e  c a t a l y s t  f o r  coal  conversion,  
w i th  a tu rnove r  number of  251. 
a s  t h e  charge gas.  The y i e l d  o f  benzene s o l u b l e  m a t e r i a l  ranged from 38 t o  48  w t  % 
of  a s h - f r e e  c o a l .  
sumably t h e  gaseous product  ranged from 11 t o  15 w t  %). 

con ta in ing  t r a c e  amounts o f  metal  i ons  and us ing  carbon monoxide a s  r e d u c t a n t ,  t h e  
l i q u i f a c t i o n  y i e l d  was found t o  depend very s h a r p l y  on t h e  i n i t i a l  pH of t h e  s o l u -  
t i o n .  
l a r g e r  than 12.6. 
even when t h e  pH was 7. 

Stewart  and Dyer (11) ob ta ined  a p a t e n t  f o r  thermal  c rack ing  of  bituminous coa l  

2, hydrogen t o  c o a l  weight r a t i o  o f  0.01 t o  0.04, water  p l u s  hydrogen p r e s s u r e  

Model1 5 g. (12) r e a c t e d  bituminous c o a l  (170-200 Ty le r  mesh) con ta in ing  

Conversion t o  gas was 8% and t o  l i q u i d  was 
The gas  contained t h e  fol lowing c o n s t i t u e n t s  

The water  d e n s i t y  a t  r e a c t i o n  c o n d i t i o n s  i s  0.12 g / cc ,  which i s  below t h e  
S u b s t a n t i a l  hydrogen gen- 

Hydrogen 

Molybdate was more e f f e c t i v e  w i t h  CO than with H2 

The benzene-insoluble  m a t e r i a l  ranged from 35 t o  47 w t  % (pre-  

Ross and Nguyen (14) r epor t ed  t h a t ,  i n  c o a l  l i q u i f a c t i o n  i n  aqueous suspensions 

Very high y i e l d  o f  benzene s o l u b l e s  was ob ta ined  when t h e  i n i t i a l  pH was 
Addit ion of  potassium formate al lowed high l i q u i f a c t i o n  y i e l d  
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EXPERIMENTAL PROCEDURES 

The appa ra tus  used f o r  performing t h e  c o a l  l i q u i f a c t i o n s  i s  shown i n  Figure 1. 
The r e a c t o r  has  a volume o f  3850 c c ,  i s  cons t ruc t ed  o f  316 s t a i n l e s s  s t e e l ,  has a 
magnet ical ly  d r i v e n  s t i r r e r ,  c o n t a i n s  a baske t  t o  hold g r a n u l a r  c o a l ,  i s  heated 
by a t h e r m o s t a t i c a l l y  c o n t r o l l e d  h e a t i n g  j a c k e t ,  and has  a coo l ing  c o i l  f o r  shu t -  
down. Af t e r  a d d i t i o n  of c o a l ,  w a t e r ,  and c a t a l y s t ,  t h e  r e a c t o r  was assembled and 
purged with argon.  Hydrogen and /o r  carbon monoxide was then  added t o  t h e  des i r ed  
i n i t i a l  p a r t i a l  p r e s s u r e .  

temperature .  Add i t iona l  hydrogen was added i n  l a t t e r  runs  us ing  a compressor. The 
r e a c t i o n  p roduc t s  were then  d i s t i l l e d  from t h e  ho t  r e a c t o r  i n t o  a 4 . 5 5 - l i t e r  p re s -  
s u r e  ves se l  wrapped with a c o o l i n g  c o i l .  
s epa ra t ed  i n  t h i s  r e c e i v e r .  The g a s  was removed through a gas. meter t o  a ven t .  
Samples of  t h e  gas  were c o l l e c t e d  i n  8070 c c  evacuated s t a i n l e s s  s t e e l  v e s s e l s .  
The r e a c t o r  was t h e n  cooled and disassembled t o  r ecove r  t h e  c o a l  r e s i d u e  i n  t h e  
baske t  and t h e  f i n e s  and c a t a l y s t  r e s i d u e  i n  t h e  bottom o f  t h e  r e a c t o r .  

The gas  sample v e s s e l s  were equipped with h e a t i n g  j a c k e t s  t o  provide add i t iona l  
p o s i t i v e  p r e s s u r e  f o r  sample r ecove ry  du r ing  a n a l y s i s .  
determined wi th  an Orsa t  a n a l y z e r .  
thermal  conduc t iv i ty  d e t e c t o r  was used t o  ana lyze  t h e  product  gas  f o r  most of  i t s  
o t h e r  c o n s t i t u e n t s .  A SA molecu la r  s i e v e  column a t  373 K was used t o  analyze f o r  
argon (purge g a s ) ,  carbon monoxide, and methane. I n j e c t i o n s  o f  pu re  methane were 
used f o r  c a l i b r a t i o n .  
f o r  carbon d iox ide  and C 2  t o  Cg hydrocarbons.  
f o r  c a l i b r a t i o n .  
u e n t .  
a c i d  s o l u t i o n  t o  r ecove r  t h e  ammonia, r e l e a s i n g  t h e  ammonia by i n c r e a s i n g  t h e  pH 
t o  1 2 +  and ho t  s t r i p p i n g  t h e  s o l u t i o n  with n i t r o g e n  gas ,  t r a p p i n g  t h e  ammonia from 
t h e  n i t rogen  s t r i p p i n g  gas  w i t h  s t anda rd ized  hydroch lo r i c  a c i d  s o l u t i o n ,  and back- 
t i t r a t i n g  t h e  a c i d  s o l u t i o n  w i t h  s t anda rd ized  sodium hydroxide s o l u t i o n  t o  a ptl 
of 5 .  
method (ASTM D2385-66). 

aqueous l aye r .  
t r a c t i o n  using paper  th imbles  w i t h  first n-pentane,  t h e n  benzene, and f i n a l l y  py r id ine  
us ing  a procedure desc r ibed  by Furman (15). 
determine t h e  o i l ,  a spha l t ene ,  and p reaspha l t ene  c o n t e n t s ,  r e s p e c t i v e l y .  The aqueous 
s o l u b l e s  were concen t r a t ed  by d i s t i l l a t i o n  o f  t h e  aqueous l a y e r .  
(CHNS) were performed on t h e  c o a l  c h a r s  u s ing  a furnace-gas  chromatograph ana lyze r .  
An atomic abso rp t ion  spectrophotometer  was used t o  ana lyze  t h e  l i q u i d  and s o l i d  
samples for  c a t a l y s t  con ten t ;  t h e  samples were prepared by a sh ing  followed by 
d i g e s t i o n  i n t o  ac id .  

Ridge Nat ional  Laboratory i n  two screened s i z e s ,  3.2 mm and powdered. 
samples were s t o r e d  and t r a n s f e r r e d  i n  an argon atmosphere and were no t  d r i e d .  
mo i s tu re  content  of t h e  coa l  i s  5 .5  w t .  % and i t s  ash  con ten t  i s  12.4 (powd.) or 13.7 
(3.2 m) w t .  %. The v o l a t i l e  m a t t e r  con ten t  o f  a sample o f  I l l i n o i s  No. 6 coa l  used at 
Oak Ridge is r epor t ed  t o  be 48.1% on a moisture  and a sh  f r e e  b a s i s  (16) .  

The r e a c t o r  and i t s  c o n t e n t s  were hea ted  and maintained a t  t h e  d e s i r e d  r eac t ion  

The gaseous and l i q u i d  products  were 

The hydrogen content  was 
Gas chromatography with helium c a r r i e r  gas and 

A hexamethylphosphoramide column a t  303 K was used t o  analyze 
I n j e c t i o n s  o f  pu re  ethane were used 

R e l a t i v e  thermal  response va lues  a r e  a v a i l a b l e  f o r  each c o n s t i t -  
Ammonia was analyzed by bubb l ing  a sample of  product  gas  through hydrochlor ic  

Hydrogen s u l f i d e  was analyzed by t h e  calcium su l f a t e - iodomet r i c  t i t r a t i o n  

The d i s t i l l e d  r e a c t i o n  l i q u i d s  were decanted i n t o  an o rgan ic  l a y e r  and an 
The organ ic  l i q u i d  and coal  r e s i d u e  were analyzed by Soxhlet  ex- 

These incremental  s o l u b i l i t y  l e v e l s  

Elemental ana lyses  

I l l i n o i s  No. 6 bituminous c o a l  f o r  use i n  t h i s  s tudy  has  been provided by Oak 
The coa l  charge 

The 

OPERATING CONDITIONS 

Seven l i q u i f a c t i o n  runs  were made with I l l i n o i s  No. 6 coa l  u s ing  s u p e r c r i t i c a l  
wa te r  a s  t he  s o l v e n t  and e i t h e r  s t annous  c h l o r i d e  o r  molybdenum t r i s u l f i d e  a s  t h e  
hydrogenation c a t a l y s t .  

I t  was s l u r r i e d  
wi th  t h e  water  when powdered o r  p l aced  i n  t h e  basket  when 3 . 2  mm p a r t i c l e s  were 
employed. The c a t a l y s t  concen t r a t ion  v a r i e d  from 0.2 t o  2 .8  w t  % i n  aqueous s o l u -  
t i o n ,  o r  2.5 t o  5 .5  w t .  % o f  t h e  coa l  charged. The d i s p o s i t i o n  o f  t h e  c a t a l y s t  i s  
n o t  known a f t e r  t h e  wa te r  becomes s u p e r c r i t i c a l .  

The o p e r a t i n g  c o n d i t i o n s  a r e  given i n  Table  1. 
The coal  charge t o  t h e  3.8L v e s s e l  va r i ed  from 78 t o  488 g. 

In Runs 2 ,  3 ,  and 4 i t  remains 
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s l u r r i e d  wi th  the  powdered c o a l .  In  Runs 1, 5,  6 ,  and 7 wi th  3.2 nun Coal,  Only a 
p o r t i o n  of t h e  c a t a l y s t  i s  expec ted  t o  be  p r e c i p i t a t e d  on o r  w i t h i n  t h e  c o a l .  

co ld  p r e s s u r e s  of 2.6 t o  5 .4  MPa. 
t o t a l  p r e s s u r e  i s  inc reased  t o  22.3-34.6 MPa. The hydrogen " p a r t i a l "  p r e s s u r e  i s  
a l s o  inc reased ,  e.g.  from 4 .6  t o  6.4 MPa i n  Run 7. The water  d e n s i t y  a t  r e a c t i o n  
c o n d i t i o n s  ranged from 0 .13  t o  0.28 g/cc,  as compared t o  t h e  c r i t i c a l  d e n s i t y  o f  
water  o f  0.317 g /cc .  

main ta ined  nea r  t h e  c r i t i c a l  p o i n t  of water  was 1 .6  t o  3 .9  hours .  
and 7 t h e  product gases  and l i q u i d s  were d i s t i l l e d  s lowly  from t h e  r e a c t o r  whi le  
h o t .  In Run 2 ,  on ly  p a r t  of t h e  f l u i d s  were removed whi le  ho t .  
r e a c t i o n  mixture was cooled down be fo re  s e p a r a t i n g  t h e  phases .  
and l i q u i d s  were in s t an taneous ly  vented  when a blowout d i s k  rup tu red .  

Hydrogen was added a t  H t o  c o a l  weight r a t i o s  o f  0.011 t o  0.144, w i th  i n i t i a l  
Upon h e a t i n g  t h e  system t o  640-673 K ,  t h e  system 

The hea tup  t ime f o r  t h e  r e a c t o r  was 1.2-1.6 hours ;  t h e  t ime t h e  r e a c t a n t s  were 
In  Runs 1, 4, 5 ,  

In  Run 3,  t h e  
In  Run 6 ,  t h e  gases  

RESULTS 

Gas y i e l d s  and ana lyses  a r e  l i s t e d  i n  Table 2. Liquid and s o l i d  product  y i e l d s  
Mate r i a l  ba lance  d a t a  a r e  p re sen ted  i n  Table 4 .  

The y i e l d  of gas  removed from t h e  r e a c t o r  ranged from 2.4 t o  4.7 gmol; t h i s  gas 

and ana lyses  a r e  l i s t e d  i n  Table  3. 
Elemental  ana lyses  are g iven  i n  Table 5. 

c o n s i s t e d  o f  74-78 mole % hydrogen. 
independent a n a l y t i c a l  p rocedures  and t h e  r e s u l t s  a r e  p re sen ted  wi thout  no rma l i za t ion  
t o  i n d i c a t e  p o s s i b l e  e r r o r  range. The y i e l d  o f  gas  produced (H2, A,  N 2 ,  H20 f r e e )  
ranged from 0.1 t o  0.7 gmol. 
were 6 t o  11 g/100 g maf c o a l .  
was 45 t o  55 mole %. 
weight,  ranging  from 18 t o  30 mole % C 1  t o  2 t o  5 mole % C4 + C5. 

The carbon d iox ide  (p lus  carbon monoxide) con ten t  o f  t h e  gas  produced is q u i t e  
h igh  a t  35 t o  54 mole % (Table 2 ) .  Whether any of  t h i s  could  have been produced by 
carbon-water  r e a c t i o n ,  as c o n t r a s t e d  t o  be ing  produced by c rack ing  o f  t h e  c o a l ,  i s  
n o t  known. The amount of carbon d iox idc  (p lus  carbon monoxide) product  ranged from 
2 .7  t o  4 . 3  g/100 g undr ied  coa l  (Table 4 ) .  The oxygen con ten t  o f  t h e  carbon ox ides  
produced i s  l e s s  t han  t h e  oxygen con ten t  o f  t h e  coa l  of  10-11 w t .  % (dry ,  exc luding  
t h a t  i n  t h e  a sh ) .  

based on gas ma te r i a l  ba lance .  
f o r  Runs 5 and 7; t h e  hydrogen d isappearance  was 0.28-1.9 g/lOO g undr ied  c o a l ,  
o r  0.35-2.3 g/100 g maf c o a l ,  r e s p e c t i v e l y .  Hydrogen consumption was h ighe r  i n  
Run 7 than  i n  Run 5 because r e a c t i o n  tempera ture  and hydrogen p a r t i a l  p r e s s u r e  were 
h ighe r .  A hydrogen ba lance  f o r  Run 5 us ing  t h e  ana lyses  i n  Tables 2 ,  4,  and 5 g ives  
4.57 g H i n  and 4 .23  g H o u t  p e r  100 g undr ied  c o a l ,  which i s  wi th in  7% of t h e  above 
va lue  based on hydrogen ana lyses .  

l i q u i f a c t i o n  of I l l i n o i s  No. 6 coa l  i n  t h e  presence  o f  wa te r ,  Na2Mo04 o r  KOH c a t a l y s t ,  
and CO r educ tan t  a t  673OK and 4 .9  MPa charge  p r e s s u r e  wi th  a 20 minute r e a c t i o n  t ime. 
They r e p o r t  lower hydrogen uptake  wi th  Na2MoOq and H2 r e d u c t a n t .  
i n  t h e  p r e s e n t  work a r e  comparable t o  t h e i r  d a t a .  

s o l i d  r e s i d u e  i n  Table  3 are a d j u s t e d  t o  a common c o a l  weight b a s i s  i n  Table 4 .  
aqueous products  con ta ined  s o l u b l e  material s e p a r a b l e  by d i s t i l l a t i o n .  
up t o  2 %  o f  t h e  coa l  charge.  
i n  an o rgan ic  l a y e r  from a s imple  r e d i s t i l l a t i o n  of  t h e  aqueous product .  
i-eniaining so lub le  m a t e r i a l  i n  t h e  r e d i s t i l l a t i o n  of  t h e  aqueous phase i s  c o l l e c t e d  a s  
a s o l i d  r e s idue .  
wi th  t h e  c o a l  and 425 g ou t  i n  gaseous ,  aqueous, and o rgan ic  p roduc t s ,  p e r  100 g 
undr i ed  c o a l ,  which ag ree  by 1 %. 
with  t h e  aqueous product  from t h e  s u p e r c r i t i c a l  d i s t i l l a t i o n s .  In Runs 2 and 3 i n  
which t h e  coa l  cha r  and water  product  were cooled  t o g e t h e r ,  i t  was assumed t h a t  most 
of t h e  c a t a l y s t  e x t r a c t e d  i n t o  t h e  water phase i n  computing t h e  material ba lances ;  

The t o t a l  gas  ana lyses  i n  Table  2 are based on 

On a moi s tu re  and a sh  f r e e  b a s i s  t h e  gas  y i e l d  va lues  
The C 1  t o  Cg hydrocarbon con ten t  o f  t h e  produced gas 

The y i e l d  o f  hydrocarbon decreased  wi th  i n c r e a s i n g  molecular  

The n e t  hydrogen d isappearance  p e r  u n i t  mass o f  c o a l  is r epor t ed  i n  Table 4,  
The b e s t  gas  phase m a t e r i a l  ba lances  r epor t ed  a r e  

Ross e t  a l .  (13) r e p o r t e d  hydrogen up takes  o f  1.1 t o  1 .3  g/lOO g d r i e d  c o a l  i n  

Hydrogen uptakes  

The d i s t r i b u t i o n  o f  product  y i e l d s  between aqueous l i q u i d ,  o rgan ic  l i q u i d ,  and 
The 

In Run 4 ,  1% o f  t h e  c o a l  charge  was c o l l e c t e d  overhead 
This  represented  

Some of the  

A water ba lance  f o r  Run 5 g i v e s  430 g H20  i n  a s  water charge  and 

Neg l ig ib l e  c a t a l y s t  ( < l o  ppm) was e n t r a i n e d  overhead 
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however, Ross e t  a l .  (13) found evidence t h a t  much of  t h e  molybdenum remains in,the 
coal  phase wi th  t h i s  t y p e  o f  product  recovery.  

aqueous p roduc t ,  recovered by r e d i s t i l l a t i o n  of  t h e  aqueous p roduc t ,  scraped from t h e  
r e a c t o r  and r e c e i v e r  wa l l s ,  and recovered by d i s t i l l a t i o n  o f  ace tone  used t o  wash t h e  
v e s s e l s .  The composite " l i qu id"  r anges  from semiso l id  a t  room temperature  f o r  runs 
with l o w  hydrogen uptake t o  lube  o i l  cons i s t ency  w i t h  inc reased  hydrogen uptake.  The 
y i e l d  ranged from 11 t o  25 g/lOO g undried c o a l ,  o r  13  t o  31 g/100 g maf c o a l ,  with 
t h e  higher  v a l u e  corresponding t o  t h e  h i g h e r  hydrogenat ion s e v e r i t y  o f  Run 7. 
o rgan ic  l i q u i d  decanted from t h e  aqueous product  i n  Runs 4 and 5 contained 71-74 w t .  % 
o i l ,  23-27 w t .  % aspha l thenes ,  and 1 -3  w t .  % preaspha l thenes  f o r  t o t a l s  o f  98-100 
w t .  % as  determined by incremental  s o l u b i l i t y  i n  pen tane ,  benzene, and py r id ine ,  r e s -  
p e c t i v e l y .  The o i l  con ten t  was inc reased  t o  87 w t .  % i n  Run 7,  w i th  t h e  remainder o f  
t h e  m a t e r i a l  being s o l u b l e  i n  benzene. In  Run 3 where t h e  o rgan ic  m a t e r i a l  was not 
sub jec t ed  t o  s u p e r c r i t i c a l  d i s t i l l a t i o n  but  simply decan ted  from t h e  cooled r eac to r  
product ,  t h e  t o t a l  s o l u b l e s  i n  benzene (which i n c l u d e s  pentane s o l u b l e s )  i s  lower a t  
43 w t .  %; t h i s  i s  probably due t o  t h e  entrainment  o f  s o l i d  f i n e s  i n t o  t h e  organic  l a y e r .  
The c a p a b i l i t y  o f  s u p e r c r i t i c a l  water  f o r  removal o f  o i l  and a spha l thenes  by v o l a t i l i -  
z a t i o n  from coa l  cha r  i s  demonstrated by t h e s e  r e s u l t s .  

The coa l  c h a r  p roduc t s  ranged from agglomerated hard p i l e s  when us ing  powdered 
c o a l  feed t o  f r i a b l e  porous d i s k s  when us ing  3.2 nun c o a l  i n  t h e  baske t .  
f i n e s  ( inc lud ing  c a t a l y s t )  recovered from t h e  bottom o f  t h e  r e a c t o r  when us ing  t h e  
3.2 nun coal  i n  t h e  baske t  r ep resen ted  4 t o  13 w t .  % o f  t h e  s o l i d  product .  
cha r  from t h e  baske t  i n  Run 5 ,  from which t h e  coa l  t a r  had been removed by s u p e r c r i t i c a l  
water  d i s t i l l a t i o n ,  con ta ined  1 w t .  % o i l ,  2 w t .  % a s p h a l t e n e s ,  and 1 2  w t .  % preasphal-  
t e n e s .  
c r i t i c a l  p o i n t ,  t h e  o i l ,  a spha l t ene ,  and p reaspha l t ene  c o n t e n t s  i nc reased  t o  2 ,  8, and 
23 w t .  %, r e s p e c t i v e l y .  The agglomerated coa l  r e s i d u e  from t h e  d i s t i l l a t i o n  i n  Run 4 
i n  which powdered coa l  was used con ta ined  more o i l  (6 w t .  % pentane s o l u b l e s )  than 
i n  Run 5. Th i s  was r e t a i n e d  p robab ly  due t o  d i f f i c u l t y  i n  mass t r a n s f e r  from the l a r g e  
s o l i d i f i e d  d i s k  o f  cha r .  The s o l i d s  p roduc t s  from which t h e  t a r s  were n o t  removed, o r  
incompletely removed, while  hot  con ta ined  20-21 w t .  % m a t e r i a l  s o l u b l e  i n  benzene o r  
ace tone  (Runs 2 and 3 ) .  These d a t a  show t h a t  s u p e r c r i t i c a l  water  e x t r a c t i o n  and d i s -  
t i l l a t i o n  p rov ides  q u a n t i t a t i v e  removal o f  o i l  and a s p h a l t e n e s  from c o a l  cha r .  

The y i e l d s  of coa l  c h a r  (minus c a t a l y s t )  ranged from 65-81 g/lOO g undried coal 
w i th  incomplete s u p e r c r i t i c a l  d i s t i l l a t i o n  removal o f  t a r  t o  l e s s  t h a n  61 g/lOO g undried 
c o a l  with complete s u p e r c r i t i c a l  d i s t i l l a t i o n  removal o f  t a r .  The y i e l d  of  cha r  i n  Run 
7 would have been reduced from 51 t o  47 g/lOO g had more water  c l o s e r  t o  s u p e r c r i t i c a l  
d e n s i t y  been a v a i l a b l e  f o r  d i s t i l l a t i o n  recovery of  t a r s  from it. When t h e  cha r  y i e l d  
i s  added t o  t h e  y i e l d  o f  gas  and l i q u i d ,  and a d j u s t e d  f o r  t h e  water  and hydrogen ma te r i a l  
ba l ances ,  t h e  sum of t h e  y i e l d s  i n  Tab le  4 should equal  100. In Run 5 ,  t h e  y i e l d  sum- 
mation i s  86 g/lOO g undried c o a l ,  so 14% or 33 g o f  product  i s  n o t  accounted f o r .  In 
Run 7,  t h e  y i e l d  summation i s  92 g/100 g undried c o a l ,  so 8% o r  17 g of  product  i s  not  
accounted f o r .  Most o f  t h e  missing m a t e r i a l  i s  probably i n  t h e  gas and l i q u i d  y i e l d s .  
Using t h e  moi s tu re  and a sh  a n a l y s e s  i n  Table  5 ,  t h e  y i e l d  of  cha r  i n  Run 5 of  61 g 
undried char  p e r  100 g undried c o a l  becomes 61 g of  maf c h a r  pe r  100 g of  ma€ coa l .  

Based on minimizing t h e  y i e l d s  o f  c o a l  c h a r ,  s tannous c h l o r i d e  and molybdenum 
t r i s u l f i d e  appear  t o  be e q u a l l y  e f f e c t i v e  i n  g a s i f y i n g  and l i q u i f y i n g  coa l  (compare 
Runs 1 and 5 ) .  
conversely i n c r e a s e s  t h e  y i e l d  of  gas and l i q u i d  (compare Runs 5 and 7 ) .  

The concen t r a t ion  of  molybdenum recovered with t h e  f i n e s  i n  t h e  s u p e r c r i t i c a l  
d i s t i l l a t i o n  r e s i d u e  of Run 5 i s  q u i t e  high a t  13 .5  w t .  %, i n d i c a t i n g  a technique 
f o r  c a t a l y s t  r e c y c l e .  
i n  t h e  coal  cha r  i n  t h e  baske t .  The c o n c e n t r a t i o n  l e v e l  of 1 . 5  w t .  % i s  on t h e  same 
o r d e r  a s  t h a t  used i n  t h e  t e s t s  r e p o r t e d  by Weller (10) .  
w i l l  be e f f e c t i v e  a t  much lower concen t r a t ions .  Back e x t r a c t i o n  i n t o  a c i d i f i e d  water 
is one means o f  r ecove r ing  t h e  c a t a l y s t  f o r  r e c y c l e .  

t h e  3.7 w t .  '% i n  t h e  feed c o a l .  
(3 .6  w t .  %I than t h e  feed.  

The m a t e r i a l  l i s t e d  a s  o r g a n i c  " l iqu id"  product  i nc ludes  t h a t  decanted from t h e  

The 

The amount o f  

The coal 

In  Run 7 with t h e  water  d e n s i t y  on ly  41% o f  t h e  d e n s i t y  a t  t h e  thermodynamic 

Inc reas ing  t h e  hydrogen p a r t i a l  p r e s s u r e  dec reases  t h e  cha r  y i e l d  and 

A molybdenum ba lance  shows t h a t  20% o f  t h a t  charged remained 

I t  i s  l i k e l y  t h a t  t h e  c a t a l y s t  

The coal  t a r  produced i n  Run 5 h a s  a s u l f u r  con ten t  of  1 . 7  w t .  %, reduced from 
The c h a r  has  on ly  a s l i g h t l y  lower s u l f u r  con ten t  

The coal  l i q u i d  produced i n  Run 7 has a v i s c o s i t y  o f  
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5 . 3  X 

range  a s  SAE 70 lube  o i l .  The C / H  r a t i o  o f  t h e  t a r  i n  Run 5 i s  1.1. 
m2/S a t  310.9'K (530 cS t  a t  100°F),  which p l a c e s  it i n  t h e  same v i s c o s i t y  

COMPARISON TO LITERATURE DATA 

I n  t h e  p re sen t  work, on a mois ture  and a sh  f r e e  b a s i s  t h e  y i e l d  o f  gas and l i q u i d  
i s  54 w t .  % and t h e  y i e l d  of c h a r  is 46 w t .  % f o r  t he  gasification/liquifaction o f  
I l l i n o i s  No. 6 coa l  wi th  MoS3 i n  s u p e r c r i t i c a l  water a t  670°K, 4 .6  MPa hydrogen co ld  
charge p r e s s u r e ,  and 30.4 MPa t o t a l  p r e s s u r e  (Run 7 ) .  
w t .  % maf v o l a t i l e  con ten t  o f  t h e  coal.  

Batch l i q u i f a c t i o n  exper iments  performed a t  Oak Ridge Na t iona l  Labora tory  (16) 
on e x t r a c t i o n  o f  I l l i n o i s  No. 6 c o a l  i n t o  s u p e r c r i t i c a l  t o l u e n e  wi th  KOH or NaOH 
c a t a l y s t  and without hydrogen i n  2 hours  a t  614-616OK and 23.9-27.3 MPa y ie lded  43  
w t .  % gas and l i q u i d ,  maf b a s i s .  
p re sen t  work. 

Na~Mo04, 4.9 MPa CO charge  p res su re ,  and 673'K, t h e  t o t a l  y i e l d s  o f  benzene s o l u b l e  
ma te r i a l  and benzene i n s o l u b l e  m a t e r i a l  were 51  and 35% maf, r e s p e c t i v e l y .  With H2 
gas  i n s t e a d  of C O ,  t h e  cor responding  y i e l d s  were 38 and 47%. 
i n s o l u b l e  ma te r i a l  i n  t h e  p r e s e n t  s tudy  i s  45 w t .  % maf wi th  a co ld  hydrogen p r e s s u r e  
o f  2.6-3.5 MPa (Run 5 )  and 39 w t .  % maf wi th  a co ld  hydrogen p r e s s u r e  o f  3.5-4.6 MPa 
(Run 7) .  

gen/carbon monoxide reducing  gas ,  and s u p e r c r i t i c a l  d i s t i l l a t i o n  t o  s e p a r a t e  l i q u i d  
product from s o l i d  product  can provide  an a t t r a c t i v e  product  slate and dese rves  t o  
be s tud ied  f u r t h e r .  

Th i s  can  be compared t o  t h e  48 

This  i s  t h e  same a s  t h a t  a t t a i n e d  i n  Run 5 i n  t h e  

In c o a l  l i q u i f a c t i o n s  o f  I l l i n o i s  No. 6 c o a l  by Ross e t  a l .  (13) u s ing  wa te r ,  

The y i e l d  o f  benzene 

These d a t a  a r e  comparable. 
In  conclus ion ,  coa l  l i q u i f a c t i o n  wi th  wa te r - so lub le  impregnated c a t a l y s t ,  hydro- 
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3.8 e REACTOR 
316 stainless steel 
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3.4 MPa RECEIVER 

FIG, 1. APPARATUS FOR COAL HYDROGENATION AND DISTILLATION 

Table 1 

O p r a t i n g  C o n d i t i o n s  f o r  l lydrogennt ion  of l l l x n o i s  No. 6 Coal wi th  C a t a l y s t  
O i m o I v e d  i n  Water i n  a 3 . 8 l  S t a i n l e s s  Steel  Reactor 

~ 

Run 1 2 3 4 5 6 7 

cnrn1yrt 

Coal s i z e  

Charge, g 

Coal [not d r i e d ]  

water 

C a t a l y s t  

Hydrogen 

Temperature, * X  

PI.*S"rO* MPa 

Hydrogen pressure. MPa 

I n i t i a l  ( c o l d ]  
F i n a l  (hot. p a r t i a l  PI 

Water d e n s i t y .  g l c c  
lieatup time. h r  
t g u i l .  time. hr 

O i i t i l l a t i m  

t__ S"C12 - +--Mos3 - 
3.2 mm f- Powdered -----L + 3 . 2  mm - 

77.8  8 9 . 0  488 235 .5  225.6 212.3 1 4 6 . 9  

997 997 944 1000 1000 900 480 

10.0 2 . 0  8.5 28.5 10.0 9 . 0  10.0 

6 . 2  9.4 12.8 >5 .6  5.2-7.1s 9.5-12.2' 

645-bS8 640-655 640-647 644-663 643-667 643-660 664-673 

23 .3-31 .2  22 .3-28 .8  24 .0-34 .2  25 .0-34 .3  28.0-34.6 27.7-33.6 29 .0-31 .3  

2 . 7  4 . 1  5.4 2.8 2.6-3.5' 4 . 2  3.5-6.6' 

0 . 2 6 7  0 , 2 6 3  0 . 2 5 0  <0 .288 0 . 2 7 3  0.245 0 .130  
1 . 4  1 . 3  1 .4  1 . 2  1 . 4  1.2 1 . 6  
2 . 0  1 . 6  2 .1  3.9 2.0  2 . 3  3 . 5  

5.5 b.4 

S l D V  P a r t i a l  None Slow Slow Instant Slav 
Hot Hot l l o t  Hot Hot Hot 

FlaJh  

h d d l t i o n a l  hydrogen added d u r i n g  run 
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Table 2 .  Gas Yie lds  and Analyses f o r  Hydrogenation of  I l l i n o i s  No. 6 Coal 
With S u p e r c r i t i c a l  Water and Soluble  C a t a l y s t  

Run 2 .  4 5 7 
To ta l  Gas 

Yie ld ,  gmol >2.4 >4.45 3.57 4.75 

Mol % A, N 2 ,  H20  10 .0  11 .9  2 2 . 1  11.5 

Mole % H2S, NH3 _ _ _ -  _ _ _ _  0.6 1.1 

g >14.8 >45.2 44.1 44.5 
Mol % H2 77.4 76.0 73.5 78 .1  

Mole % Carbonaceous Gas 3.9 15.1 8 .5  10 .3  

I 
Gas Produced 

(H2, A, N 2 .  1.120 f r e e )  
Yie ld ,  gmol >0 .11  >0 .72  0.380 0.589 

1 
g 

Ana lys i s ,  mol % 
co 
co 
HgS, Mercaptan 

Hydrocarbon 
NH3 

c1 
I 

>4.0 >21.9 13.7 19 .6  

1 .6  0.0 0 . 0  0 .0  
53 .6  40.7 42.1 35.4 
_ _ _ _  - - - -  >0.4  4 .0  
_ _ _ _  _ _ _ _  6.2  5 .9  

23.9 30.2 18.2 26.5 
11 .0  16.1 14.2 14.2 
6 . 7  8.8 13.2 11 .6  
3 .2  4.2 5 .6  2.4 

\ 

Table 3. Liquid and S o l i d  Yie lds  and Analyses f o r  Hydrogenation o f  I l l i n o i s  No. 6 
Coal With S u p e r c r i t i c a l  Water and So lub le  C a t a l y s t  

Run 1 2 3 4 5 6 7 
Aqueous Product 

Yie ld ,  g _ _ _  - - -  939 976 1002 - - -  500 
6d 5 _ _ -  0.4  So lub le s  con ten t ,  g - - - - - - - - - 

Organic Liquida,  b 
Yie ld ,  g _ _ _  16' 2Sc 55e 42 - - -  53  
Pentane So luh le s ,  w t .  % - - _  3 - - -  74f 71f - - -  87 
Benzene so lub le s ,  w t .  % 70f 29 43 23 27 - - -  12 

0 1 _ _ _  3 P y r i d i n e  s o l u b l e s .  w t .  % - - - - - - - - - 
S o l i d  Productb 

Yie ld ,  I! 95 53 72 344 155 145 118 . -  
6 1 

6 12 

Pentane so luh le s ,  w t .  % - - - - - - - - - 
Benzene s o l u h l e s ,  w t .  % 5 2 1  20g 2 2 
Pyr id ine  s o l u b l e s ,  w t .  % - - - - - - - - - 

2 
8 

23  

aThe y i e l d  inc ludes  t a r  decanted  from aqueous d i s t i l l a t e  and r e s i d u e  recovered  from 

bThe benzene s o l u b l e s  i n  Runs 1, 2 ,  and 3 inc lude  pentane  s o l u b l e s ,  determined 

ace tone  wash o f  walls. 

us ing  Soxhle t  e x t r a c t i o n  wi th  Gooch c r u c i b l e s  and a s b e s t o s  mats .  The s o l u b l e s  i n  
Runs 4-7 were determined us ing  Soxhle t  e x t r a c t i o n  wi th  pape r  t h imbles ,  and t h e  
pe rcen tages  l i s t e d  a r e  t h e  incrementa l  s o l u b i l i t i e s  i n  each s o l v e n t .  

' Includes aqueous s o l u b l e s  and probably  c a t a l y s t .  

d V o l a t i l e  aqueous s o l u b l e s  r e s i d u e .  

e Inc ludes  aqueous s o l u b l e s  r e s i d u e .  

f h a l y s i s  o f  decanted  t a r  only .  

gAcetone s o l u b l e s .  
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Table 4. M a t e r i a l  Balance i n  L i q u i f a c t i o n  Experiments 

Basis :  g/lOO g coa l  (not  d r i e d )  

Run 1 2 3 4 5 6 7 

H i n  4 .2  12 14 1 .2 -1 .6  3 . 0  - - -  5 . 8  2 
H2 o u t  - - -  >5 - - -  >1 .6  2.7 --- 3.9 

H2 n e t  _ _ -  >-7  - - -  >+o.o  -0.3 - - -  -1 .9 

C02 (+CO) produced - - _  >3  --- >2.7 3.0 --- 4.3 

H 0 i n  - - -  1281 1061 205 425 399 226 

Aqueous ou ta  _ _ _  _ _ -  >lo55 >199 424 --- 235 

9 

_-_  18' 19' 11 20 --- 25 

2 

Gas Product _ _ -  5 -_-  >4 6 _ _ _  
b Organic l i q u i d  product  

S o l i d  product (minus c a t a l y s t )  58 68 81 65 61 60 51 

- - -  >74 87 --- 92 ( i n  - o u t )  - _ _  _ _ -  

a Includes wa te r  con ten t  of gas.  Organic d i s t i l l a t e  and r e s i d u e  recovered from 
d i s t i l l a t i o n  o f  aqueous product  a r e  included under o rgan ic  l i q u i d  product .  

a Includes r e s i d u e  recovered from ace tone  wash of wa l l s .  

Minus c a t a l y s t .  

Table  5.  Ult imate  Analyses f o r  L i q u i f a c t i o n  Experiments 

Feed Run 5 Run 5 Run 5 
Sample Coal Tar  Char Fines  

Moisture ,  w t .  % 5.5  0.99 

Ash, i nc ludes  Mo, w t .  % 13.7 18.8 35.8 

Dry Basis ,  w t .  % 
Carbon 
Hydrogen 
Nitrogen 
S u l f u r  
Molybdenum 

66.Za 81.6b 65.6 
4.54 7.67 3.53 
1.18 1.09 1.20 
3.74 1.71 3.64 b 1 . 5  13.5 --- 

a Analysis  of  powdered coa l  

Analysis  n o t  d ry  b a s i s  
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